Many of the morphological features of animals are considered to be adaptations to the habitat that the animals utilize. The habitats utilized by birds vary, perhaps more than for any other group of vertebrates. Here, we study possible adaptations in the morphology of the skeletal elements of the hind limbs to the habitat of birds. Measurements of the lengths of the femur, tibiotarsus and tarsometatarsus of 323 bird species from 74 families are used together with body mass data, taken from the literature. The species are separated into six habitat groups on the basis of literature data on leg use. A discriminant analysis of the groups based on leg morphology shows that swimming birds, wading birds and ground living species are more easily identified than other birds. Furthermore, functional predictions are made for each group based on ecological and mechanical considerations. The groups were tested for deviation from the norm for all birds for three indices of size-and leg-length-independent measures of the bones and for a size-independent-index of leg length. Several of the groups deviate significantly from the norm for one or more of the indices used, suggesting habitat-related adaptations in the leg morphology of birds. The results indicate that stability is an important factor affecting the leg morphology of primarily long-legged birds. The femur seems to be more important than previously thought because several of the groups have high femur indices, suggesting a positive selection pressure on this bone. On a general basis, the results suggest that the effect of leg length should be taken into consideration when discussing adaptations of mass-independent lengths of the long bones of the legs of birds. © 2003 The Linnean Society of London, Biological Journal of the Linnean Society, 2003, 79, 461-484. ADDITIONAL KEYWORDS: ecomorphology -femur -functional morphology -habitat-morphologytarsometatarsus -tibiotarsus.
INTRODUCTION
Different species of birds live in different habitats. Some species utilize many different habitats, while others seldom leave their 'favourite' habitat. Each behaviour associated with a specific habitat should be favoured by a certain morphological shape and the observed morphology of a species should be some trade-off between the different selection pressures acting on the birds. The correlations between habitat use and morphology in birds have been investigated by several researchers, and the results have indicated differences in morphology associated with the habitats (Norberg, 1979; Grant, 1986; Carrascal, Moreno & Telleria, 1990; Barbosa & Moreno, 1999) . For example, there are several studies of the hind limb morphology of birds involving specific ecological aspects (Palmgren, 1932; Engels, 1938; Spring, 1965; Alexander et al., 1979; Norberg, 1979; Barbosa & Moreno, 1995; Bennett, 1996) . These studies show that there is a large variation in the possible bone lengths among bird species (Fig. 1) and also indicate possible adaptations reflecting different behaviours. However, all investigations so far have focused on a small group of birds and the comparisons are often made within a group rather than between groups (Barbosa & Moreno, 1999) . There have been few studies that include many species from distantly related groups with different habitat use and different use of the legs, and it is necessary to test whether the results from smaller studies can be upheld. Furthermore, studies on a large number of species can reveal cases of convergent evolution, which may aid the understanding of the selection within a habitat. No published studies present such an overview of the hind limb adaptations to habitat use by birds.
In the present study, bird species are divided into six habitat groups based on hind limb use, and predictions for the skeletal morphology of the hind limb are presented for each group based on ecological and functional arguments. The aim of this study is to test these predictions and to separate the six ecological groups with regards to the hind limb skeletal elements.
METHODS
We studied 323 species of birds from 20 orders and 74 families (Sibley & Monroe, 1990 , 1993 . The birds are divided into six habitat groups depending on where and how the species predominantly use their legs (Appendix 1) based on information from the literature (Cramp & Simmons, 1977 , 1980 , 1983 Cramp, 1985 Cramp, , 1988 Cramp, , 1992 Cramp, , 1994 Ridgely & Tudor, 1989 , 1994 Del Hoyo, Elliott & Sargatal, 1992 , 1994 , 1996 , 1997 , 2001 Cramp & Perrins, 1993 , 1994 . We divided the birds into the following categories: 1. Aerial birds (A, N = 24), which include species with a passive use of the legs, for example, mostly during perching or just sitting on the ground. 2. Birds of prey (P, N = 33), which are species that strike and carry prey with the feet. Most other preying birds are placed in the ground group (G). 3. Ground species (G, N = 103), which include species that predominantly use the legs for terrestrial locomotion, such as walking, running or hopping.
4.
Tree species (T, N = 31), which include birds that predominantly forages in trees or bushes. 5. Swimming species (S, N = 93), which predominantly use the legs for swimming. 6. Wading species (W, N = 37), which forage by wading in water.
The data are based on measurements of skeletal material from the collections of the Natural History Museum in Gothenburg, the Swedish Museum of Natural History in Stockholm, and the Zoological Museum in Lund, all in Sweden (Appendix 2), as well as from data in the literature (Gatesy & Middleton, 1997) . Seven lengths were measured or estimated: (1) the total length of femur (fem); (2) the total length of tibiotarsus (tbt), exclusive of crista cnemialis cranialis; (3) the total length of the tarsometatarsus (tmt); (4) the total leg length (tll) was calculated as the sum of the three bones (fem + tbt + tmt); (5) the remaining leg length for femur (rll fem) was calculated as the sum of tbt and tmt; (6) the remaining leg length for tibiotarsus (rll tbt) was calculated as the sum of fem and tmt; and (7) the remaining leg length for tarsometatarsus (rll tmt) was calculated as the sum of fem and tbt.
The body mass (M) of each species was taken from the literature (Cramp & Simmons, 1977 , 1980 , 1983 Cramp, 1985 Cramp, , 1988 Cramp, , 1992 Cramp, , 1994 Del Hoyo et al., 1992 , 1994 , 1996 , 1997 , 2001 Cramp & Perrins, 1993 , 1994 . The mean for each species was calculated and, in case of sexual dimorphism, the mean value of the two sexes taken together was calculated.
To be able to generate a measure for each bone which is independent of size (body mass, M) and the remaining leg length (rll), a multiple regres- sion was performed on the natural logarithm of the variables. To deal with problems regarding colinearity between ln(M) and ln(rll) we rotated these data sets by using a Principal Component Analysis (PCA) based on the correlation matrix. This procedure first standardizes the variables by subtracting the mean and subsequently divides by the standard deviation before the analysis is conducted. The PC scores were then used to estimate the multiple regression, which is ln Y = a + b 1 PC1 + b 2 PC2 + e
where Y is the length of the bone, a is the intercept, PC1 and PC2 are the first and second principal components of ln(M) and ln(rll), and b 1 and b 2 are the regression coefficients of PC1 and PC2, respectively. In this way the bones can be viewed as being normalized to the same body mass, ln(M) and remaining leg length, ln(rll). e represents the residual, which is independent of PC1 and PC2 and hence also independent of ln(M) and ln(rll). The residual was therefore used as an index for each of the bones (fem index, tbt index and tmt index). We also performed a least squares regression on the natural logarithm of the total leg length (tll) against the natural logarithm of body mass (M). The model then reads:
The residual, e l , was taken as a size-independent measure, or leg-length index (tll index). In all cases we used the studentized deleted (Jackknife) residuals. The indices are interpreted so that values above 0 represent species with a longer bone or leg length than predicted by the norm (regression), while values below 0 are species with a shorter bone or leg length than predicted by the norm. For each group the means of the residuals, for each index, were tested for deviation from zero by the use of a t-test (two indices for two groups were non-normally distributed and were tested with a one-sample Wilcoxon sign-rank test). Furthermore, a partial correlation was used to test the correlation between the difference (tbt -tmt) and the total leg length when the effect of body mass was accounted for. Moreover, the length of each bone was fitted to an allometric function against body mass, and femur was also fitted against remaining leg length (rll fem). This was done with a least squares regression on the natural logarithms of the variables.
To separate the primary habitat groups (Appendix 1) on the basis of the bone length indices and the leg length index, we performed a discriminant analysis based on Mahalanobi's distances. This method measures the validity of the groups as well as presenting discriminant functions (DF) describing the orthogonal vectors maximally separating the groups. The means of the DF scores for the groups were calculated as well as the 95% confidence intervals of the means. All analyses were conducted with SPSS 10.0, except for the PCAs and the one-sample Wilcoxon sign-rank tests, which were performed according to SAS procedures (ver 8.0) .
No complete comparative analysis was done taking phylogeny into consideration, because no reliable phylogeny was available that included all the species used in this investigation. Even if such a phylogeny had been available, there is no statistical method (that we know of) that can deal appropriately with this data set (a combination of continuous and categorical variables and excluded branches). However, the DF scores of species from three orders (Sibley & Monroe, 1990 , 1993 , which contain three or more habitat groups, were plotted to examine the spatial distribution.
BIOMECHANICS AND FUNCTIONAL PREDICTIONS
The consequences of different lengths of the legs and the bones on habitat use have been investigated earlier in limited guilds of birds (see above). The authors of some of these studies conclude that the leg morphology of the species investigated can be correlated to different ecological, habitat-related or otherwise functional variables. Obviously, not only leg and bone lengths are affected by habitat use. Natural selection probably acts also on the three-dimensional shape of bones, as well as on the morphology and physiology of muscles. However, this study focuses only on the effect of selection on the lengths of long bones of the legs in groups of birds with different habitat use.
For each of the habitat groups we identify potential selection pressures on the leg length and on the bones. From these selection pressures, we make predictions on the leg-length index and bones indices relative to the norm for all birds. Note that the indices are sizeindependent and that the bone indices also are independent of remaining leg length. This can be viewed as a way to normalize the birds to equal size and equal remaining leg length. For example, a large fem index means that the femur is longer than predicted by the mass and the remaining leg length. However, this does not imply that the femur is long or short relative to the size (mass) of the bird, as would a traditional allometric residual. The predictions are summarized in Table 1 (see Results) , and presented below.
Aerial species (A)
These predominantly use the legs for perching, sitting on the ground or hanging on the edge of a nest. Because these birds spend a considerable proportion of time on the wing, streamlining to reduce drag during flight should be an important factor for these birds (Barbosa & Moreno, 1995; Pennycuick et al., 1996) .
Legs protruding from the plumage interrupt the airflow around the body, creating drag. The birds are thus assumed to keep the feet either stretched out backwards or hidden in the plumage during flight to minimize drag. Furthermore, reduction of excessive weight may be important in these birds as well as reduction of the cost involved in growing and maintaining the legs. Aerial species may therefore be favoured by short legs (low tll index). For perching birds, stability may be increased by reduction of the length of the legs, especially the tarsometatarsus, since this places the centre of mass closer to the substrate (Grant, 1966; Schulenberg, 1983) . These factors should favour a low leg length index and a low tmt index to reduce weight and drag, and increase stability when perching.
Ground species (G)
These use their legs for walking, running and/or hopping. We consider these species to be dependent on speed of locomotion, which is favoured by long legs (Engels, 1938; Bennett, 1996) , i.e. a high leg length index. However, the lengths of the bones may be affected by different selection pressures, which lead to at least three different predictions for this group. (A) Because of the limited ability to move the femur, in all birds (Gatesy, 1989) , long legs have been interpreted as only referring to the distal elements of the leg (Bennett, 1996) . This would suggest selection primarily for long tbt and tmt (i.e. high indices). (B) Because step-length is predominantly affected by the length of the tarsometatarsus in climbing birds (Norberg, 1979; Carrascal et al., 1990) , we predict that this bone should also be favoured in ground species, suggesting a high tmt index. The femur is the second most important bone for the step-length, which is why we predict that the fem index also should be high in these species. (C) The ground reaction force (GRF) primarily acts on the femur, according to Gatesy & Biewener (1991) . This should result in a selection pressure for a shorter femur and hence a low femur index.
Birds of prey (P)
These attack their prey from, or in, the air and carry it with the feet. These species may be affected by many different selection pressures, which pose different demands on the various leg elements. We propose four different hypotheses for what may affect the morphology of the hind limbs of these birds. (A) It may be important for the predator to have visual contact with the prey until impact, in order to be able to adjust for escape movements. Long legs make it possible for the bird to stretch the feet forward and keep visual contact with the prey, whilst at the same time keeping visual cues for flight stability.
Forward-stretched feet make it possible to reach the prey with the feet first, increasing the element of surprise and thus, probably, hunting success. Long legs also increase the reaching distance for prey struck in the air as well as on the ground. The above suggests that a high leg-length index should be favoured. The ability to stretch the feet forwards would be favoured by a high fem index and a low tbt index because the femur is directed forwards and the tibiotarsus backwards. There also seems to be a positive selection pressure on the length of the tmt, and hence for a high tmt index, because this bone can be swung forwards, placing the feet in front of the bird. (B) When making a strike, the birds often have high speed at the moment of impact. To reduce the instantaneous force required by the muscles (as a consequence of the GRF, or the reaction when striking prey), long legs may be expected to cushion the shock to the bird by increasing the retardation distance. Because the femur normally moves only some 10∞ (Gatesy, 1989) and hence cannot cushion the bird much, this should favour a long tbt and tmt (i.e. the indices for these bones should be high). (C) The force required for bending and stretching the legs depends partly on the moment arms, which in this case consists of the lengths of the bones. Long legs/bones would therefore increase the moment arms and thus the force required from the muscles to reduce the speed of the bird when landing or striking its prey. For this reason, birds of prey should have a low leg length index. (D) If the prey has an ability to defend itself, distancing the body from the prey to reduce injury should be an advantage, which would be favoured by long legs (high leg length index). Because the tmt can be directed almost perpendicularly away from the body, the tmt index is expected to be high.
Tree species (T)
These forage in trees and bushes and form a diverse group with climbers (woodpeckers and allies) hopping vertically up tree trunks, species which hop on top of branches, and species which hang underneath branches or climb among branches using the bill (such as parrots). These species most probably face different selection pressures, which make general predictions for the group as a whole difficult.
Short legs have been shown to be adaptations to climbing (Richardson, 1942; Winkler & Bock, 1976; Norberg, 1979; Carrascal et al., 1990) because they reduce the moments about the claws during vertical climbing, thus reducing the force required for keeping the body close to the tree trunk. The same should be valid for hanging species, but such a selection pressure is not apparent for species hopping on top of branches. Norberg (1979) demonstrated that, for ver-tical climbing, the tibiotarsus should be shortened the most of the bone elements to affect the step-length the least, while the tarsometatarsus should be shortened the least, followed by the femur. Increased step-length should also be important for species hopping on top of branches, so we would expect high fem and tmt indices. For birds hanging underneath branches, steplength may not be that important, and we would instead expect a short tmt and a long femur. This would reduce the moment arm of the tmt when hanging and increase the ability to stretch the feet forward when climbing, or when stretching for food items at the feet whilst hanging. Taking all selection pressures together, we may only expect a high femur index to be a common factor for this group.
Swimming species (S)
Drag reduction is probably the most important common factor for swimming species. When birds swim it is primarily the tmt that generates the paddle motion of the feet. This locomotion mode should be favoured by short legs (a low tll index), so that disruption of the flow past the body is minimized as well as the drag from the legs and feet per se. Furthermore, placing the feet far back on the body should reduce drag and may increase the propulsive efficiency. Since the tibiotarsus is directed backwards, this index should be high and the forwardly directed femur should have a low index. Because of the different propulsive mechanisms used by swimming birds (see below) the selection pressure on the tmt is difficult to predict on a general basis.
Wading birds (W)
These are predicted to have long legs (a high leglength index) to increase the foraging area available when wading in water (Baker, 1979) . Resistance (drag) of the legs and feet when the leg is protracted can be reduced if the foot is lifted above the water surface during movement. Thus, to increase the foraging depth and at the same time reduce drag, the tmt index should be high.
Generally, as a consequence of limitations in the growth of femur outside the body, we predict that the allometric relationship between fem and rll fem should be less than expected for geometric similarity, i.e. elongation of the legs will primarily be caused by growth of the distal bones. Furthermore, Storer's (1960) hypothesis of stability when crouching states that increasing the leg length should lead to approximately equally long tbt and tmt. We thus predict that there should be a negative correlation between the difference (tbt -tmt) and the total leg length after the effect of size (body mass) has been taken into consideration.
RESULTS
The eigenvectors of the PCA were the same for all the variables. Thus,
and
where M* is the standardized (see above) logarithm of the body mass and rll* is the standardized logarithm of the remaining leg length (the means ±SD were -0.589 ± 1.68 for ln(M); -2.01 ± 0.681 for ln(rll fem); -2.30 ± 0.659 for ln(rll tbt); -2.02 ± 0.624 for ln(rll tmt)).
The multiple regression models fitted to the data for each of the bones are:
and ln tmt = -3.00 + 0.482PC1 -1.12PC2
The fem, tbt, tmt and leg-length indices for the species of each group are presented in Figure 2 . The fem index is higher than the norm for the species of the Ground and Tree group, and the Birds of Prey (P < 0.001 for all three groups; Fig. 2A ). The Swimmers show a lower fem index (P < 0.001) as compared with the norm for all species, as do the Waders (P = 0.036). Regarding the tbt index ( Fig. 2B) , the Swimmers and Waders show higher indices (P < 0.001) while the Ground species and the Birds of Prey show lower indices (P < 0.001), as compared with the norm for all birds. The Swimmers have high tmt index values (P < 0.001) but the Birds of Prey (P < 0.001), the Aerial (P = 0.032) and the Tree species (P = 0.009) have low tmt indices as compared with the norm for all species (Fig. 2C ). All groups except for the species of the Tree and Ground groups show leg length indices that deviate from the norm for all birds (Fig. 2D ). The Birds of Prey and Waders show higher indices (P < 0.001), while the Aerial species and the Swimmers show lower indices (P < 0.001) than average for all birds. The agreement between the predictions and our results for all indices are presented in Table 1 . When the bone lengths and the leg length were plotted against body mass ( Fig. 3 ) and femur against remaining leg length (tbt + tmt) (Fig. 4) , the following allometric (power) equations were calculated,
Only the allometric relationship of femur vs. body mass (Eqn 8) follows geometric similarity (power 1/3), while the regression coefficients are significantly higher than expected for geometric similarity for tbt (P < 0.005, Eqn 9), tmt (P < 0.005, Eqn 10) and tll (P < 0.005, Eqn 11). The regression coefficient for fem vs. rll fem is significantly lower than expected for geometric similarity (power 1) (P < 0.005, Eqn 12). The partial correlation of the difference between tbt and tmt (tbt -tmt) against total leg length (controlling for body mass) shows a significantly negative correlation (-0.27, P < 0.001, R 2 = 0.86). The discriminant analysis shows that the likelihood of correctly classifying a species is 64.1% as compared to 17% if the species are randomly placed in a group (i.e. 100/6 = 17%). The accuracy of correct classifications differs for each group, as shown in Table 2 . The Swimming species show the highest probability of correct classification of the groups, followed by the Ground species and the Waders.
The first discriminant function (DF) accounts for 65.9% of the variance and the second DF for 28.9%. Together they describe 94.8% of the variance. The DFs are
Figure 5 shows all species plotted with DF1 and DF2 as axes. The means of DF1 and DF2 scores for each of the groups are plotted in Figure 6 , together with the 95% confidence interval of the means. The result shows that by using the first two DFs it is possible to separate the means of all groups except the Tree and Ground groups. . Asterisks above the data set illustrate significantly higher mean values than predicted by the norm for all birds(*P < 0.05; **P < 0.01; ***P < 0.001) and asterisks below the data circles illustrate significantly lower mean values compared with the norm. 
DISCUSSION
The allometric relationship between the femur and the remaining leg length (tbt + tmt; Fig. 4 ) indicates that relatively long-legged birds have relatively shorter femurs compared to short-legged species. This result fits our prediction that the length of femur is limited and restricted by the size of the body. Furthermore, the negative partial correlation between (tbt -tmt) and total leg length means that the tibiotarsus and the tarsometatarsus become increasingly similar in lengths with increasing leg length. This supports Storer's (1960) prediction that long-legged birds need to maintain stability when crouching. The above results indicate that there may be some general selection pressures on the legs of birds associated with leg length. Therefore, we must first rule out the effects of leg length when looking for adaptations to specific functions and habitats. This is especially important since the relative total leg length (tll index) seems to be affected by a majority of the habitats (behaviours) studied here.
FUNCTIONAL PREDICTIONS
The residuals of the multiple regression for each bone may be interpreted as indications of functional adaptations in the leg morphology that are independent of remaining leg length and size (body mass). The indices indicate if the bone is long or short relative to the size (M) and to the remaining leg length (rll). This may result in counterintuitive results. For example, the Birds of prey have a long tbt relative to their mass, but here they have a low tbt index. This indicates that the long tbt relative to the mass is not a consequence of selection for a long tbt per se, but a result of selection for long legs. In fact, there seems to be selection pressure against increasing the length of the tbt. Deviations in the indices from the norm would then indicate that the habitat group shows a longer or shorter bone than predicted if habitat did not affect the morphology of the individual bones. Our results show that some effects of habitat groups can be observed in simple leg morphology (Fig. 2) . The Aerial species have, as predicted, shorter legs than the norm, which confirms the pattern visible in Barbosa & Moreno's (1995) study of aerially foraging birds from different families. Thus streamlining, reduction of mass or both may be important for these birds. Furthermore, we predicted that the tarsometatarsus index should be lower than the norm expected for all birds. This was also the case, indicating the potential evolutionary importance of reducing drag or increasing stability when perching, when much time is otherwise spent on the wing.
The prediction that the Ground species should have a higher leg-length index than expected from the norm to allow for high speed in terrestrial locomotion (Engels, 1938; Dilger, 1956; Bennett, 1996) was not confirmed by our results. Instead, these species have a leg length following the norm (P = 0.23). For the bone indices, we made predictions relating to three different hypotheses; however, none of these were supported by the results. Taken together, these results suggest that the selection pressure for speed, steplength and reduction of the effect of GRF may not be dominant for this group of birds, but the results may also reflect the diversity of specializations within this habitat group.
We presented several optional hypotheses concerning leg length and bone indices in birds of prey. However, our results support only the hypothesis involving aerial hunting ability (A); these birds had high tll and fem indices and low tbt and tmt indices. The other hypotheses, involving cushioning of the bird at impact with the ground or prey (B), the reduction of the moments around the joints (C), and avoidance of injuries caused by the prey (D) were not supported by our results. Hypothesis (A) was thus supported in all aspects but one, which may indicate that minimizing the time between last visual contact with the prey and the strike with the feet is an important selection pressure affecting the leg morphology in birds of prey. Furthermore, we predicted a high tmt index because this would favour increase of the reaching distance and the ability to stretch the feet forward. This prediction was not supported by the result. However, carrying prey may introduce an opposing selection pressure on the length of the tarsometatarsus, since a short tarsometatarsus reduces the moment arm for the flexor muscle (m. tibialis cranialis) and hence the force required to carry the prey with flexed legs (Zeffer, 2002 (Zeffer, , 2003 . The diverse locomotion modes found in the species of the Tree group made it difficult to make general predictions. In spite of this, we suggested that the femur index should be high to increase the ability to reach far forwards with the feet and also to increase the step-length. The results show that the femur index is high. Furthermore, the tmt is significantly shorter than predicted by the norm. This result is difficult to interpret because it may indicate that the length of the tmt is affected by selection forces other than steplength, such as reduction of the moment arm for hanging species. However, it may also reflect a biased sampling of the species in this study. If the species in the Tree group are instead divided into three subgroups (see above), our predictions are somewhat different for the different subgroups (Fig. 7) . The predictions made The fem index, (B) tbt index, (C) tmt index, and (D) total leg length index (tll index) for the subgroups of the Tree group. Asterisks above the data set illustrate significantly higher mean values than predicted by the norm for all birds(*P < 0.05; **P < 0.01; ***P < 0.001) and asterisks below the data circles illustrate significantly lower mean values compared with the norm. Climb = vertically climbing species; Hang = species hanging underneath branches; Hop = species hopping on top of branches.
for the climbing subgroup are confirmed to a large extend by the results. Hence, the effect of gravity and the requirements for increased step-length may therefore be important in this subgroup.
Regarding the hopping subgroup, only femur is longer than the norm (P = 0.014). Factors other than step length probably pose stronger selection forces on the leg morphology in these species, such as requirements for stability.
The results for the species hanging or climbing underneath and among branches show that the leg and tmt indeed are shorter than predicted by the norm (P = 0.001 and P < 0.001, respectively), and the femur is longer (P < 0.001). However, the tbt is longer than the norm (P = 0.032). This result indicates that the species of this subgroup have responded to the increased requirement for force when hanging by shortening the tmt.
Despite the diversity of the species of the Swimming group (see below) our predictions were supported by the results. These birds have a lower leg length index, a lower fem index and a higher tbt index than predicted by the norms. This supports the hypothesis suggesting that placing the feet far back on the body may reduce interference drag between the body and the feet and probably also increase the propulsive efficiency of the feet. Drag reduction of the body may therefore be an important factor for the morphological design of the Swimming species in general. The fact that the tmt index is higher than predicted by the norm is, however, difficult to interpret, because different propulsive mechanisms may be found among swimming birds (Johansson & Lindhe Norberg, 2000 , 2001 Johansson, 2002) , each subjecting the tmt to different selection pressures.
The species of the Wading group were predicted to have a higher leg length index than was expected by the norm to increase the available foraging area, and this is indeed the case. We also predicted that the tmt index should be high in relation to the norm to reduce the cost of protracting the leg by lifting the tarsometatarsus out of the water. This was not confirmed, although there is a trend in that direction (P = 0.055).
Because groups with a large sample size affect the norm more than groups with a small sample size, the residuals of species of the large groups may be underestimated and the residuals of small groups over-or underestimated. However, the groups are not exclusively distinct because many species utilize more than one habitat and are therefore subjected to different selection pressures. The leg morphology of a spec ies is probably a compromise to cope with different habitats. In fact, this is the primary reason why we are using all birds to create a norm for birds in general, instead of treating each group as independent, forming their own norm.
FEMUR
Most authors have considered the lengths of the distal bones of the hind limb to be more affected by natural selection than the proximal one (femur; Engels, 1938; Norberg, 1979; Bennett, 1996) . In the present study we predicted that the length of femur is restricted by the size of the body because of its close attachment to it, but when the effects of leg length and body mass have been eliminated the length of the femur (fem index) for most of the groups no longer follows the norm for all species. If the femur is unimportant from a biomechanical point of view, it would be a waste of material and maintenance to have a femur longer than the norm. Nevertheless, three groups have higher fem indices than predicted. These are the Ground and Tree species and the Birds of Prey. Further analyses show that the means for the residuals from the regression of ln(fem) against ln(mass) show longer femurs than predicted by the mass for these groups. Moreover, the residuals from ln(fem) against ln(rll fem) show longer femurs than predicted by the remaining leg length in the Ground and Birds of Prey species, and almost also for the species of the Tree group (P = 0.055; Table 3 ). Taken together, these results indicate that the length of femur may be more important than has previously been acknowledged. The species of these groups would all benefit from being able to stretch the feet far forwards. By doing Table 3 . The residuals from the regression of ln(fem) against ln(mass) and ln(tbt + tmt). A mean >0 indicates that the femur is longer than predicted by the norm for all birds, and a mean <0 indicates that the femur is shorter than expected from the norm that, the step-length (and speed) can then be increased in the Ground species, the time between last visual contact and impact can be reduced in the Birds of Prey, and the Tree species can increase the forward reaching-distance of the feet.
GROUP CLASSIFICATION
Some of our results may reflect the difficulties of dividing the 323 species into only six habitat groups. Different behaviours by individual birds may create opposing selection pressures, which may introduce trade-offs, which in turn make interpretations difficult. The groups we have chosen can, of course, be subdivided into more specific ones. However, increasing the number of groups to make the divisions less rough decreases the number of species in each group, making statistical analysis difficult. Lack of detailed data on time budgets for most species makes narrower grouping equally insecure. Even if we had these time budgets, it would be difficult to asses the selective value of a behaviour used perhaps once a year, associated with, for example, nest building. The discriminant analysis shows that, despite the coarse habitat groups used here, it is possible to separate the groups to a large extent (see also Table 2 ). 64.1% of the species were placed in the correct habitat group, which can be compared with 17% if each species was only placed in a group at random. However, the groups differ markedly in classification success. Table 2 shows that the discriminant function manages to correctly classify 87% of the Swimmers, 71% of the Waders and 70% of the Ground species. These groups are thus more successfully described than the Tree species (only 22% correctly classified), the Birds of Prey and the Aerial species (41 and 29%, respectively). The Tree species and the Birds of Prey mostly appear in the Ground group (69 and 56%, respectively), while the Aerial species (42%) are found among the Swimmers, indicating that these three groups are not morphologically separable based on the combined leg morphology used here.
The Swimming species can be taken as an example of the difficulties of dividing birds into only six habitat groups. Although this group superficially may seem homogenous, it can easily be divided into subgroups based on several different grounds. As stated above, to reduce drag we expect the Swimming species to have a low femur index and a high tbt index, because the femur is directed forwards and tbt is the most important bone for placing the feet far back. However, most swimming birds also walk on the ground. For stability reasons it is favourable to walk with a horizontal spine, which requires the feet to be placed ventrally underneath the centre of mass. Studies of swimming birds reveal that those spending time grazing on land have a horizontal spine, while extreme swimmers have a more vertically directed spine when walking on land to place the centre of mass above the more caudally placed feet. For birds walking on the ground, we would expect high fem and tmt indices as compared with the norm (see above). In species which do not use the water for transportation but spend a considerable part of the time walking on land (and to which walking speed may therefore be of some importance) selection towards longer legs may dominate. Consequently, the selection for walking on the ground seems to act in conflict to the selection for swimming. This indicates that there should be a cline within the swimming group based on the importance of terrestrial locomotion. Among the swimmers, foot-propelled divers, nondiving surface swimmers and species walking on the ground to a large extent may form such a cline (Fig. 8) .
A Kruskal-Wallis test shows significant differences between the subgroups for the fem and the tll indices (P < 0.001 and P = 0.036, respectively). Further analysis (Mann-Whitney U-test) shows that the foot-propelled divers have lower fem index than the surface (P < 0.001) and walking (P = 0.004) subgroups and also a lower tll index than the walking subgroup (P = 0.017). The legs are short in all swimmers, which was predicted, but the walking subgroup seems to have the longest legs and the divers the shortest of the three subgroups, thus indicating the existence of a cline.
The outliers are another example of the difficulties of classifying species into a small number of groups. The position of some of the outliers in the DF plot ( Fig. 5) may be explained by errors in the body mass estimates used, or simply be due to the low sample size of some of the species. This indicates that our individuals may not be representative for the species. However, outliers may occur because some species are difficult to assign to one single group, such as the penguins, which use their legs predominantly on the ground, but has also been strongly selected for streamlining during swimming (Sphen, indicated in Fig. 5) . Other examples are the American bittern (Botaurus lentiginosa, Bl, Fig. 5 ), which both wades and runs fast (del Hoyo et al., 1992) and the highland guan (Penelopina nigra, Pn Fig. 5 ), which both climbs and runs on the ground (del Hoyo et al., 1994) . Moreover, some species belong to one habitat but functionally resemble those of a different one, such as the secretary bird (Sagittarius serpentinus, Ss, Fig. 5 ) and the redlegged seriema (Cariama cristata, Cc, Fig. 5 ), which clearly walk on the ground but resembles the waders by 'wading' in tall grass. Furthermore, some of the birds show specific adaptations to other factors than habitat choice, such as the crane hawk (Geranospiza caerulescens, Gc, Fig. 5 ), which stretches its feet into hollows, trying to grasp hiding prey (del Hoyo et al., 1994) .
PHYLOGENETIC CONSIDERATIONS
During the last decade the effect of phylogeny on comparative studies has been fully recognized (e.g. Cheverud, Dow & Lentenegger, 1985; Felsenstein, 1985; Harvey & Pagel, 1991; Martins & Hansen, 1996) . It is possible that the habitat groups identified in this work coincide with phylogenetic groups, with the consequence that the species should not be considered as statistically independent units (Felsenstein, 1985; Harvey & Pagel, 1991) . Several methods have been developed to take account of phylogenetic effects (for a review see Martins & Hansen, 1996) , but they all have some limitations. The main problem with these methods is that they depend on a good estimate of the phylogeny, including estimates of branch lengths as well as interpretations of excluded branches. More problems are present in the underlying assumptions of the methods. Most methods assume that a change in character state is the only evidence of selection, ignoring that stabilizing selection is most probably an important factor in adaptations (Hansen, 1997) . Because of these problems, including the difficulties of finding a method that can deal with a combination of continuous and categorical variables (with more than 2-3 categories), we were unable to take phylogeny into account. However, when the species were divided into orders (according to Sibley & Monroe, 1990 , 1993 , and orders containing three or more habitat groups each (Anseriformes, Ciconiiformes and Gruiformes, Fig. 9 ) Figure 9 . The scores of the first two discriminant functions (DF1 and DF2) for three orders of birds distributed in at least three habitat groups per order. The orders Anseriformes (A), Ciconiiformes (B), and Gruiformes (C) are classified according to Sibley & Monroe (1990 , 1993 . The spatial pattern of the habitat groups within each order are similar both between the orders and compared with all species (Figure 5) , suggesting convergent evolution.
were studied, the pattern of the habitat groups within the orders (when plotting DF2 against DF1) visually resembles each other's spatial distribution. This may be interpreted as convergent evolution because distantly related species are positioned in approximately the same place according to the habitat groups.
CONCLUDING REMARKS
Making broad functional predictions is to simplify the variation found in nature. However, simplification is inevitable because of the lack of close knowledge of the ecology of the species and the effects of both ecology and physics on morphology. In spite of this, we consider that our approach can suggest some further directions of research. For example, all studies on adaptations in leg morphology in birds should take into consideration the effect of leg length, i.e. that a relatively long bone may not reflect selection on that bone per se, but may be the result of a general selection for long legs.
APPENDIX 1
Body mass (kg) and habitat affiliations (H) for birds of different families. H1 and H2 refer to primary and secondary habitat, where A represents aerial, G ground, P birds of prey, T tree, S swimmers and W waders (see text for definitions). HS refers to subgroups of the swimming species, where D represents divers, S surface swimmers and W walking species. 
